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EFFICIENCY AND INNOVATION OFFSETS IN NONPOINT-SOURCE 32 
POLLUTION CONTROL AND THE ROLE OF EDUCATION 33 
 34 
Abstract 35 
 36 
This paper discusses and empirically analyses the implications of efficiency and 37 
innovation offsets for the management of non-point source pollution from agriculture. If 38 
efficiency improvements and green innovation indeed combine environmental advantages 39 
with economic advantages, these offsets would offer a free lunch adjustment to 40 
environmental regulations. A theoretical model of the farm is developed where pollution is 41 
a joint output of production, where inefficiency in production prevails and environmental 42 
innovations are available. We discuss whether education about environmentally friendlier 43 
farming practices is effective in such a context. The empirical analysis addresses pesticide 44 
use in conventional and genetically modified cotton production in North Carolina, USA.  45 
The conceptual model was implemented by means of the non-parametric directional 46 
distance function approach (Data Envelopment Analysis, DEA).  47 
 48 
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1. Introduction  56 
  57 
Agricultural nonpoint-source pollution of U.S. surface and ground waters is a major 58 
societal concern (USEPA [1]). As public awareness is growing on environmental 59 
problems in the food production chain, governments are faced with the challenge of 60 
designing policies aimed at re-directing farming practices, particularly in the use of 61 
environmentally detrimental inputs. One of the major concerns is with pesticide 62 
application in agricultural production. 63 
Correcting pollution problems requires changing the production behaviour of those who 64 
contribute to pollution. Traditionally, U.S. policy makers have addressed agricultural non-65 
point source pollution using educational programmes to encourage producers to adopt more 66 
environmentally friendly (or ‘best’) farming practices (BMPs). In order to understand the 67 
functioning of such voluntary programmes it is helpful to consider farm level transition to 68 
environmentally sound production practices as a process of three stages that overlap in time: 69 
efficiency, substitution and redesign (Hill et al. [2]). In the efficiency stage, conventional 70 
production systems are altered to reduce the input of resources and environmental impacts 71 
while maintaining production levels. In the substitution stage, inputs that are more 72 
environmentally benign replace environmental disruptive inputs. Efficiency and substitution 73 
imply a change in input levels and in input mixes, respectively. Finally in the redesign stage 74 
the emphasis is on retrofitting and technical environmental innovations, i.e. on direct 75 
outlays of capital cost and operating expenditures for environmental purposes.  76 
Obviously, each of the three stages (efficiency, substitution and redesign) offers different 77 
possibilities to reduce the environmental impacts of agricultural production. Abatement costs 78 
studies generally focus on the latter two stages, i.e. on the cost associated with reducing 79 
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output or with direct outlays of capital and operating expenditures for additive technology. 80 
Traditional neo-classical abatement cost analysis does not account for the possibilities that 81 
firms can reduce emissions in the shorts term by either efficiency improvements or by 82 
substitution for ecologically harmful inputs (Rennings [3]). In practice producers confronted 83 
with an environmental regulation, will first try to reduce pollution at source by either 84 
efficiency improvement of input use or by substitution of productive inputs or production 85 
processes.   86 
The objective of this paper is twofold. Firstly, we intend to develop a theoretical model 87 
of the farm where pollution is a joint output of production. In this model, inefficiency in 88 
production prevails and environmental innovations are available. It is discussed whether 89 
educational assistance to farmers is effective in the context of environmental inefficiency 90 
and technical environmental innovation.  91 
The second objective of this paper is to present empirical analysis of the existence of 92 
efficiency and innovation offsets for the case of the use of pesticides in conventional and 93 
genetically modified cotton. This case was selected because of the controversy 94 
surrounding the potential environmental benefits of the cultivation of transgenic cotton.  95 
High quality survey data for a sample of 275 North Carolina cotton producers were used 96 
for the case study assessment. The conceptual model was implemented by means of the 97 
non-parametric directional distance function approach (Data Envelopment Analysis, 98 
DEA).  99 
The plan of the paper is as follows. The next two sections provide a theoretical 100 
discussion of the agricultural non-point source problem and efficiency and innovation 101 
offsets. Next we present the empirical analysis. The results suggest that there is 102 
considerable room for improving environmental quality of agricultural production without 103 
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conflicts between economic and environmental goals. We conclude with a discussion of 104 
the main findings and their implications.  105 
 106 
 107 
2. Environmental-economic production possibility frontier [4] 108 
 109 
Agricultural production generates outputs that can be distinguished in two major subsets: 110 
food and fibres, and environmental and health effects. Production externalities (viz. 111 
pollution or resistance) most often result from specific inputs that have the characteristics 112 
of joint inputs, as any quantity simultaneously produces the intended agricultural output 113 
and the unintended externality. The combination in which these marketable outputs and 114 
bad side effects are generated however is not fixed but rather depends on the production 115 
method chosen. Generally, several production methods are available that vary both in their 116 
costs and in their environmental impacts. In the case of the use of pesticides, a few 117 
specific alternatives include changing the usage operation so that less chemical is required 118 
(pest control by band spraying versus full field treatment) or substitution (mechanical 119 
weed control versus herbicide use, or a switch to a less environmentally harmful type of 120 
herbicide). Figure 1 depicts the relationship between agricultural production and 121 
environmental impacts for pesticide use on an individual farm in a given natural 122 
production environment as defined by climate/weather and soil type and for a given 123 
variety of production methods.  124 
The economic relationship between pesticide use and the producer’s profit is 125 
illustrated in quadrant I. Every point on the function T shows the maximum amount of 126 
profit that can be achieved with a given level of pesticide use. Alternately, considered 127 
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from an input orientation, the function describes the minimum amount of pesticide input 128 
required to achieve the given profit level. Without loss of generality, the profit axis could 129 
be thought of as the expected utility of profits for risk-adverse producers when there is 130 
production uncertainty (Ribaudo and Horan [5, p. 334]).  131 
The relationship between pesticide use and expected environmental quality for the 132 
individual farm is represented in quadrant II. Ecosystem health, which is adversely 133 
affected by pesticide use, is represented by function R. The s-shape of this function is 134 
derived from the dose response relationship in toxicology [6]. Quadrant III transposes 135 
ecosystem health into quadrant IV. Finally, the relationship between ecosystem health and 136 
profit is depicted in quadrant IV. This is a production possibility frontier (PPF) that depicts 137 
the feasible set of economic performance and ecosystem quality levels.  138 
The shape of the PPF expresses the extent to which economic and environmental 139 
performances are compatible. Profits and expected ecosystem health are complements 140 
over the increasing range of the frontier and substitutes over the decreasing range. Where 141 
markets for environmental services are missing, the larger part of the production 142 
possibility frontier is steeply downward sloping as with the PPF in Figure 1 (cf. Aldy, 143 
Hrubovcak and Vasavada [7]). Without any regulation, the economic optimal point is at 144 
S1, with profits T1 and environmental quality R1. Obviously, it would be costly to improve 145 
the environmental quality of agricultural production to a level beyond R1.  146 
The presentation in Figure 1 assumes optimal, profit maximizing behaviour of 147 
agricultural producers and a given technological state of the art. In practice there will be 148 
inefficiency in production and progress in production technology through innovations. The 149 
next section analyses the impacts of inefficiency and innovations on environmental 150 
improvements and the associated costs.  151 
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3. Efficiency and innovation offsets and education 152 
 153 
Firms are considered inefficient in production if the quantity and/or quality of output 154 
per unit of input is less than what is technically and economically feasible. Similarly, firms 155 
can be considered environmentally inefficient if pollution per unit of input is more than 156 
the ideal minimum. Efficiency is therefore determined by the (outermost) production 157 
possibility frontier, which is determined by the state of technology. Inefficient farms 158 
operate somewhere in the interior of this PPF. While privately owned farms are likely to 159 
be efficient with regard to conventional input/output productivity there are several reasons 160 
why there would be inefficiencies in environmental performance (Altman [8]). For 161 
example, an internal lack of economic incentive and information, bounded rationality, and 162 
an absence of external competitive pressure applying to environmental performance. For a 163 
given production technology, lack of information about the production frontier may lead 164 
producers to use inputs inefficiently. Producers may also have limited knowledge of the 165 
set of alternative production technologies that are available and their economic and 166 
environmental characteristics, as well as a lack of information about how their actions 167 
affect environmental quality (Ribaudo and Horan [5]).  168 
The importance of inefficiencies is illustrated by farm A1 in Figure 2. The technology 169 
available to producer A1 is represented by PPF, which is a stylized version of the 170 
downward sloping part of S in Figure 1. Profit P1 and environmental quality W1 represent 171 
the skill with which producer A1 is currently using the technology. Efficiency offsets 172 
available to farm A1 are along the portion BK of PPF. Points along the lower part of PPF 173 
do not provide offsets because profit would decrease. Farms like A2, which utilizes 174 
available production technologies efficiently, will likely be close to the Y-axis. 175 
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Suppose that the socially desired level of expected environmental quality is at Ws. By 176 
educating farmer A1 about the frontier where profits are higher for each level of input use, 177 
the producer could be encouraged to use existing management practices more efficiently 178 
or to adopt alternative ones. Once on the frontier, the producer could operate according to 179 
the Best Management Practice (point C) which would the environmental quality goal and 180 
at the same time increases profits. However, without any regulation, competition will drive 181 
the producer to operate on CI. The expected environmental quality levels that correspond 182 
to the production possibilities to the right of K would be an improvement over the initial 183 
situation with production at A1 but does not meet the standard. The environmental quality 184 
levels associated with the production possibilities on the portion IK of PPF would even be 185 
less than in the original situation. This makes it possible that education about production 186 
practices might even reduce environmental quality. Thus, educational assistance and 187 
technical innovation alone are not necessarily sufficient to ensure that environmental 188 
quality goals are met. 189 
Now assume that a regulation is implemented that specifies the maximum amount of 190 
pollution at Ws. Efficiency offsets available to Farm A1, given a standard of Ws, are now 191 
along the portion BC of the PPF. For Farm 1 the regulation would entail no compliance 192 
cost, since this farm can meet the standard by using its efficiency offsets. Efficiency 193 
offsets are not available for (the already efficient) farm A2 and it will encounter 194 
compliance cost of P2-PC. However, economic theory predicts that farm A2 will modify its 195 
use of pesticides in order to minimize costs given that it must meet a new environmental 196 
standard. Hick’s induced innovation hypothesis says producers will seek out technologies 197 
that lower the compliance costs of the regulation and improve environmental quality. In 198 
addition, the Porter hypothesis suggests that environmental regulation by means of the use 199 
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of standards can trigger innovation that may partially or more than fully offset the costs of 200 
complying with them (Porter and van der Linde [9, p. 98]. Assume new technologies 201 
become available after some time and expand the production opportunities to a new 202 
frontier. Farm A2 will shift out to this new frontier PPF
new and depending on the shape of 203 
this new frontier, the innovations will partially offset the environmental compliance costs. 204 
If farm A2 positions itself at H on PPF
new it will reduce the cost of complying with the new 205 
standard from P2-PC to P2-PG. For farm A1 innovation offsets expand the already existing 206 
efficiency offsets from BC to DG.  207 
In summary, whether environmental quality and costs competitiveness are mutually 208 
consistent hinges upon whether or not producers are typically efficient in production and 209 
whether environmental regulation induces technical change. More specifically, the 210 
opportunity of the “free lunch” adjustment offered by efficiency and innovation offsets 211 
depends on: (1) the positioning of a farm with respect to PPFnew, (2) the shape of PPFnew, 212 
and (3) the level at which the environmental standard is set.  213 
 214 
 215 
4. Empirical assessment of potential efficiency and innovation offsets in cotton 216 
production 217 
 218 
4.1 Background  219 
The goal of pest control is to prevent crop loss up to the level of economic yield. Control 220 
inputs used to this end are pesticides (chemical compounds that reduce pest levels or reduce 221 
pest damage), resistant crop varieties, natural enemies and all types of cultural practices such 222 
as rotation, tillage and planting date (Wossink and Rossing [10]).  Historically, most pest 223 
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control efforts in cotton production have sought to find single, simple, direct interventions 224 
that quickly reduce the pest population(s) below an acceptable level by means of 225 
conventional prophylactic, calendar-based use of broad-spectrum pesticides. Educational 226 
programmes on  Integrated Pest Management (IPM) in cotton aim at improving the accuracy 227 
and timing with which pesticides are applied and promote benign substitutes such as less 228 
harmful pesticides, biological controls and changes in planting date, rotation and 229 
conservation tillage (Yee and and Ferguson [11]). The planting date influences insect control, 230 
plant growth, and defoliant strategies indirectly. Crop rotation aids in the control of soil-borne 231 
pest and diseases and additionally can be a significant component of weed management. 232 
Conservation tillage, specifically no-till systems can save time, allowing growers to plant 233 
closer to the optimum planting dates.  234 
Recently, biotechnology has further enlarged the spectrum of pest controls by 235 
introducing new methods of production. Transgenic insect-resistant and herbicide tolerant 236 
cotton varieties have been developed that enable growers to use in-plant protection 237 
methods that replace insecticide and herbicide applications  (e.g. Hubbell et al. [12]).  238 
In summary, cotton producers can alter externality levels of pest control by varying input 239 
levels, input mixes or methods of production. Producers' efficiency in applying the control 240 
methods further affects costs and environmental impacts. 241 
Based on the theoretical model in section 3, two hypotheses were derived for the 242 
situation outlined above. First, we expect to find offsets offered by improvements in 243 
efficiency and by innovation. Second, we expect the environmental improvements offered 244 
by the offsets to be rather unutilised because of a lack of regulation. 245 
 246 
 247 
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4.2 Empirical method   248 
 249 
The literature on the measurement of efficiency is still mainly based on physical and 250 
monetary inputs and outputs. Färe et al. [13] introduced negative environmental effects in 251 
the output distance function of the economic efficiency literature. This approach considers 252 
emissions as undesirable outputs or by-products that are a direct function of the producing 253 
firm’s output. In other words, a certain percentage reduction in emission can only be 254 
achieved by the same percentage reduction output, which by definition makes pollution 255 
abatement costly. Recent applied work on environmental efficiency has taken another 256 
perspective in which emissions are modelled as freely disposable, which means that 257 
reduction of their use, can be achieved at no private costs (Boyd et al. [14]). The latter 258 
implies that environmental improvement can be achieved by fine-tuning input levels and 259 
input mixes and this does not have to lead to lower levels of the good output.  260 
Data Envelopment Analysis (DEA) was employed to quantify the offsets and the 261 
extent to which an individual farmer employs these. The DEA constructs a frontier 262 
representing the latest technology and simultaneously calculates the distance to that 263 
frontier for the individual observations.  The frontier is piecewise linear and is formed by 264 
tightly enveloping the data points of the observed ‘best practice’ activities in the 265 
observations, that is the most efficient and innovative farms in the sample. So it is 266 
assumed that the performance of the best farmers can be used to assess a benchmark for 267 
the state of the art PPFnew.  268 
DEA uses the distance to the frontier as a measure of efficiency. In Figure 2, farm A1 269 
is compared to point F on the frontier PPFnew to calculate the total of innovation and 270 
efficiency offsets available to this specific farm. The comparison results in an efficiency 271 
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measure of OF/OA1. Differences in the distance to the frontier provide a score for each 272 
farm greater or equal to 1, where 1 stand for best performance. A high score indicates 273 
considerable unused offsets for the specific farm whereas a score of 1 indicates that the 274 
farm is located on the frontier [15]. The efficiency measure visualized in Figure 2 is 275 
known as the directional output distance function efficiency (Boyd et al. [14]). 276 
In addition to the calculation of the efficiency, the DEA method was employed to 277 
calculate several other efficiency measures for each farm in the sample. Traditionally, 278 
efficiency analysis has focused on marketable output relative to paid inputs. Hence, most 279 
frequently DEA is used to assess the technical efficiency of input use. In the case of two 280 
input variables, x1 and x2, assessing the output per unit of input provides a plot where the 281 
co-ordinates (y/x1 and y/x2) indicate the efficiency of the used inputs. The deviation from 282 
the efficiency frontier is considered to be associated with technical inefficiency of the 283 
farms involved.  284 
We also calculated the relative cost efficiency by comparing realized cost per lbs. of 285 
cotton among growers. See the Appendix for a discussion of the mathematics of the 286 
various efficiency measures.  287 
  288 
 289 
4.3 Data 290 
A total of 275 North Carolina cotton producers were interviewed as part of the 2000 USDA 291 
Upland Cotton Production Practices Survey. After removing incomplete questionnaires, 202 292 
remained for analysis. The data used are from an entire growing season. Table 1 presents 293 
summary statistic of the variables used in the analysis. Three technologies were 294 
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distinguished: herbicide tolerant, stacked gene (herbicide tolerant and insect resistant) and 295 
conventional.  296 
The data set includes one desirable output (cotton yield in lbs of lint per acre) and one 297 
non-desirable output. The non-desirable output, i.e. the external effects of pesticide use, is 298 
quantified by means of the use of the pesticide leaching potential.  Most active ingredients 299 
of pesticide leach into the surface water and the pesticide leaching potential (PLP) can be 300 
described as the relative potential that residues of this pesticide reach the surface water. 301 
The PLP is an indicator to describe the relative chance of leaching compared to the chance 302 
of leaching of other pesticides. Pesticides have several properties that affect their ability to 303 
leach to ground water that are combined in the following equation to estimate their impact 304 
on leaching potential:  PLP value =(T1/2 x R x F)/Koc. Where T1/2 = Persistence of the 305 
pesticide, measured as half-life in days; R = Rate of application (pounds of active 306 
ingredient per acre); F = Fraction of pesticide reaching the soil during application; Koc = 307 
Affinity for soil organic matter, the soil organic carbon binding value (McLaughlin et al., 308 
[16]). The PLP index range from 0 to 100, where 0 = no leaching potential and 100 = very 309 
high leaching potential. The PLP values of the various pesticides applied by a grower per 310 
acre of cotton production are totaled and used as the bad output in the efficiency 311 
calculations.  312 
The data set includes eight variable inputs (five groups of pesticides and three non-313 
environmental detrimental inputs for pest control) and the cost of pest control. These 314 
variable inputs are all aggregated measures. Chemical pest control is represented by the 315 
use of herbicides, insecticides, fungicides, growth regulators and defoliants and is 316 
measured in dollars per acre. Regarding the no-detrimental inputs, we discussed in section 317 
4.1 that management decisions regarding planting date, rotation and conservation tillage 318 
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and many other field operations also contribute to pest control. However, these cultivation 319 
decisions interact in complex ways. We solved this problem by identifying and 320 
quantifying the non-detrimental inputs of pest management through a factor analysis of the 321 
89 variables under the heading ‘field characteristics’ in the Upland Cotton Production 322 
Practices Report survey. Among the 13 main composite factors with an eigenvalue greater 323 
than 1, we determined three composite factors related to pest control: "Formal plans for 324 
pest, nutrient and conservation management"; "Crops planted on specific field in previous 325 
years", and "Timing of planting and harvesting". 326 
 Inputs and outputs values used in a DEA model need to be strictly positive whereas 327 
the factor scores for the non-detrimental inputs of pest management included negative 328 
estimates. Following Adler and Golany [17] we subtracted the minimum observed factor 329 
score from the value of each observation to assure positive values. The resulting translated 330 
factor scores were used as DEA input values for the non-environmental detrimental inputs. 331 
Cost of pest control is composed of the cost for the five categories of pesticides and a 332 
technology fee if genetically modified cottonseed is used. For the calculation of the 333 
technology fee we used the survey information on the variety used and the seed drop rate 334 
combined with external information on the technology fee per 50-lbs. bag of each specific 335 
variety in 2000 [18].  336 
 337 
 338 
5. Results 339 
 340 
The efficiency measures were estimated in OnFront (Färe and Grosskopf [19]). Efficiency 341 
scores were computed for all 202 observations. Table 2 presents the sample mean, the 342 
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standard deviation of the cost efficiency, technical efficiency and the directional distance 343 
function efficiency. The efficiency scores were calculated twice. First we used the growers 344 
with the same technology as the reference base and then all growers.  345 
The overall output-oriented technical efficiency for pesticide use ranged from 1.26 to 346 
1.64 depending on the scale assumption (CRS, NIRS or VRS). The associated standard 347 
deviations were considerable (0.28 to 0.48). This means that, assuming VRS technology, 348 
for example herbicide tolerant growers on average could improve the efficiency of pest 349 
control inputs by 34%. For growers of conventional cotton this would be 33%. Overall 350 
technical inefficiency of pest control under constant returns to scale (CRS) was higher for 351 
growers of herbicide tolerant than for growers of stacked gene cotton and conventional 352 
cotton (1.64 versus 1.44 and 1.63). By comparing Technical Efficiency CRS to Technical 353 
Efficiency NIRS, we can determine whether production is characterized by decreasing or 354 
increasing returns to scale. If TECRS>1 and TECRS = TENIRS, inefficiency is because of 355 
increasing returns to scale, i.e. the grower is producing at an inefficiently low output level. 356 
For TECRS>1 and TENIRS<TECRS inefficiency is caused by operating at an 357 
inefficiently high output level, i.e. in the region of decreasing returns to scale. Thus, for 358 
our case study, it can be concluded that overall technical inefficiency is due to the fact that 359 
on average cotton growers are operating in the region of decreasing returns to scale. The 360 
results for technical efficiency by seed type also show that growers of conventional cotton 361 
make better use of the technical potential of their technology than do growers of herbicide 362 
tolerant and cotton conventional cotton. 363 
The distance function efficiency scores indicate the percentage reduction in 364 
environmental impact per unit output (lbs of cotton) by reducing herbicide use or by 365 
substituting herbicides with a lower PLP score while increasing productivity by the same 366 
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percentage. Assuming VRS technology, for example the environmental impact of herbicide 367 
tolerant, stacked gene and conventional cotton could be reduced 7 %, 4% and 3% when 368 
compared by seed type. When comparing among all 202 growers the reduction could be 369 
13%, 6 % and 9 %, respectively. Growers of stacked gene cotton have the best overall 370 
distance function efficiency. Next, the Mann-Whitney U-Test (two-sided) was used to test 371 
whether these differences in overall distance function efficiency between 372 
seed types were significant. The difference between herbicide tolerant and stacked gene 373 
cotton was significant at 1%; for stacked gene and conventional cotton the difference was 374 
significant at 10 %. There was no significant difference between herbicide tolerant and 375 
conventional cotton in overall distance function efficiency. For the distance function 376 
efficiency by seed type all differences were significant at 5% level.  377 
Finally, we assessed the cost efficiency. Overall cost inefficiency 378 
was high at 3.52, 4.11 and 3.62 for herbicide tolerant, stacked gene and 379 
conventional cotton, respectively. Employing again the Mann-Whitney U-Test, we found 380 
that there were significant differences in cost efficiency between herbicide tolerant 381 
and stacked-gene, and between conventional and stacked-gene cotton at the 5% 382 
significance level. However, there was no statistical difference in cost efficiency between 383 
herbicide tolerant cotton and conventional cotton. This implies that conventional and 384 
herbicide tolerant cotton were the more cost efficient technologies under North Carolina 385 
conditions in 2000. 386 
Next, the information provided by the DEA-based measures was used to identify 387 
management strategies to combine profit objectives with environmental quality. Table 3 388 
presents the rank correlation between the efficiency measures. Spearman rank correlations 389 
between efficiency measures were calculated under the three different scale assumptions 390 
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(CRS, NIRS and VRS). Regardless of these scale assumptions, the rank correlations 391 
between efficiency measured produced very similar results. The results in Table 3 are 392 
under VRS technology. There was a significant positive correlation between the technical 393 
efficiency and the cost efficiency for both herbicide tolerant and stacked gene cotton. The 394 
correlations between cost efficiency and distance function efficiency were significant only 395 
for stacked gene cotton.  396 
 397 
 398 
6. Conclusions and implication  399 
 400 
The objective of this paper was to discuss and empirically analyse the implications of 401 
efficiency and innovation offsets for the management of non-point source pollution from 402 
agriculture. Based on the theoretical economic model two hypotheses were derived and 403 
tested for the case of pesticide use in cotton production. First, we expected to find 404 
efficiency and innovation offsets. Second, we expected the environmental improvements 405 
offered by the offsets to be relatively unutilized because of a lack of environmental 406 
regulation.  407 
Based on the overall distance function inefficiency, the average farmer in our sample 408 
could simultaneously improve productivity and reduce the environmental impact from 409 
pesticide use by 16 percent. These results confirm the existence of efficiency offsets. When 410 
evaluated by seed type, stacked gene cotton had a significantly better overall distance 411 
function efficiency which confirms the existence of innovation offsets.  412 
A significant positive rank correlation was found between the scores for overall 413 
technical efficiency and for overall distance function efficiency. These results suggest that 414 
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farmers who focus on optimizing technical efficiency follow a good strategy to achieve 415 
environmental efficiency. The estimates of technical efficiency for different scale 416 
assumptions suggested that on average the cotton growers were producing at an inefficiently 417 
high output level.  418 
We found a significant positive correlation of distance function efficiency and cost 419 
efficiency for stacked gene cotton. These positive correlations suggest that there is room for 420 
controlling the non-point source pollution from pesticides in cotton production without 421 
conflicts between economic and environmental goals. 422 
 The average overall distance function inefficiency for stacked gene cotton (ranging 423 
from 6 to 11 percent depending on CRS, NIRS or VRS technology) shows that 424 
improvements offered by innovation and efficiency offsets are only partially utilised by 425 
the average grower of stacked gene cotton. The outcomes demonstrate the complexity of 426 
factors affecting farmers’ pest control decisions. More specifically they demonstrate the 427 
interaction of actual, i.e. non-optimal, producer behaviour, agricultural innovation and 428 
extension programmes.  429 
 430 
 431 
 432 
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Appendix  433 
 434 
The DEA model for each specific production unit is formulated as a fractional 435 
programming problem. For example, the formulation for the output oriented Technical 436 
Efficiency of farm j is:   437 
 438 
     Maximize       jTE                                                                 (1a) 439 
 subject to     jjj YvyTE ≤         (1b)  440 
      jj xXv ≤                                      (1c)   441 
            0≥jv                                                        (1d)   442 
 443 
  where TEj  is the measure of technical efficiency of the j-th farm;  Y is a  p × n matrix of p 444 
outputs produced by the n farms; vj is the intensity vector of the weights attached to the n 445 
farms for the construction of the virtual comparison unit for farm j; yj is  a p × 1 vector of 446 
quantities of output produced by farm j; X is a m × n matrix of m inputs used by the n 447 
farms, and bj  is the vector of these inputs for farm j. The efficiency of the n farms is 448 
assessed by solving n LP models, in which the vectors yj and xj  are adapted each time for 449 
the farm j considered.   450 
The model to calculate the Directional Distance function Efficiency with free 451 
disposability of bads for farm j is formulated as:  452 
 453 
    Maximize      jDDE                                                        (2a) 454 
 subject to     ( ) jjj yDDEYv ⋅+≥ 1        (2b)  455 
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    ( ) jjj zDDEZv ⋅−≥ 1                          (2c)   456 
    jj xXv ≤         (2d) 457 
            0≥jv                                                        (2e)   458 
 459 
where DDEj measures the extent in which the good output can be increased and the bad 460 
output can be decreased for farm j, Z is a r × n matrix of r environmental impacts 461 
generated by the n farms and X and vj are defined as before.  462 
    Let W be the cost of pest control per lbs. of cotton lint produced. The cost efficiency CE 463 
of the production for farm j can then be calculated as:     464 
 465 
)Min(W
W
n
j
=jCE         (3) 466 
     467 
 468 
 469 
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 470 
 471 
 472 
Figure 1. Producer pesticide use decisions and their effect on expected environmental quality 473 
 474 
 475 
 476 
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 477 
Figure 2.   Efficiency and innovation offsets 478 
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Table 1 Summary statistics of the date used   479 
Seed type 
Herbicide 
tolerant 
Stacked-gene  
 
Conventional 
 
Variable Units  
mean s.d. mean s.d. mean s.d. 
Output:   
Yield of Cotton Lint  
 
Lbs./acre 
 
785.53 
 
142.12 
 
792.34 
 
142.38 
 
813.13 
 
151.34 
Inputs: “Pesticide use” 
• Insecticides 
• Herbicides 
• Fungicides 
• Growth reg. 
• Defoliants 
 
$/acre 
 
19.58 
16.49 
0.20 
15.91 
4.63 
 
9.89 
9.99 
1.41 
9.81 
6.46 
 
17.80 
12.80 
0.64 
15.08 
4.81 
 
19.32 
11.73 
2.85 
11.07 
6.27 
 
20.91 
22.28 
0.41 
18.06 
4.59 
 
15.22 
13.34 
1.94 
9.13 
9.92 
Other inputs for pest control: 
• "Formal plans for pest, 
nutrient and conservation 
management"  
• "Crops planted on specific 
field in previous years" 
• "Timing of planting and 
harvesting"  
 
 
Factor 
scores 
 
 
1.22 
 
3.51 
 
4.95 
 
 
1.15 
 
1.16 
 
0.94 
 
 
1.22 
 
3.57 
 
4.62 
 
 
0.93 
 
0.93 
 
0.91 
 
 
1.22 
 
3.57 
 
4.62 
 
 
0.93 
 
0.93 
 
0.91 
Env. detrimental effects of 
pest control:  
Total for insecticides, 
herbicides, fungicides, growth 
regulators and defoliants 
 
PLP*/ 
acre 
 
 
 
154.01 
 
 
72.93 
 
 
139.04 
 
 
75.07 
 
 
180.04 
 
 
67.04 
Costs of pest control  
• Costs of pesticides 
Technology fee 
 
$/acre 
 
64.4 
7.59 
 
22.44 
3.76 
 
75.17 
24.02 
 
35.52 
9.64 
 
66.76 
0 
 
26.50 
0 
Observation N=202 74 79 49 
 480 
* PLP = Pesticide leaching potential is an environmental indicator based on the relative potential 481 
that residues of a pesticide reach the surface water.  482 
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Table 2 Mean
1
 scores
2
 for technical efficiency, directional distance function efficiency and 483 
cost efficiency of herbicide tolerant, stacked gene and conventional cotton production of 484 
North Carolina cotton producers in 2000  485 
Technical Efficiency of pest 
control 
Directional Distance Function
5
 
Efficiency of pest control 
Performance 
measure by 
technology  CRS               NIRS             VRS CRS               NIRS              VRS 
Cost  
Efficiency 
of pest 
control 
Herbicide tolerant 
By seed type3  
Overall4  
 
1.38(0.34)  1.28(0.26) 1.26(0.25) 
1.64(0.44)  1.35(0.28) 1.34(0.27)   
 
1.11(0.16)  1.07(0.12)  1.07(0.12) 
1.21(0.25)  1.13(0.17)  1.13(0.17)  
 
3.50(1.22) 
3.52(1.22) 
Stacked gene  
by seed type  
Overall 
 
1.35(0.40)  1.20(0.29) 1.19(0.29) 
1.44(0.45) 1.27(0.33)  1.26(0.33) 
 
1.07(0.14) 1.04(0.10)  1.04(0.10) 
1.11(0.17) 1.06(1.10)  1.06(1.10) 
 
2.47(1.07) 
4.11(1.78) 
Conventional 
By seed type  
Overall 
 
1.22(0.32)  1.12(0.22) 1.12(0.22) 
1.63(0.48)  1.34(0.32) 1.33(0.32) 
 
1.05(0.18)  1.03(0.12) 1.03(0.12) 
1.16(0.29) 1.09(0.17) 1.09(0.17) 
 
3.62(1.45) 
3.62(1.45) 
 
486 
1  Standard deviations are in parentheses. 487 
2 The table reports output oriented efficiency scores. For example the cost efficiency of 3.50 for 488 
herbicide tolerant by seed type means that the cost of pest control per lbs of cotton of the average 489 
producer is 3.5 times the cost of the most efficient producers.  490 
3 Using growers with the seed type as the reference base. 491 
4  Using all growers as the reference base. 492 
5 The directional distance function efficiency measures the extent in which good output can be increased 493 
and bad output (pollution) can be decreased at the same time. We assumed free disposability of the bad 494 
output in the calculation.  495 
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Table 3 Spearman rank correlation between efficiency measures under VRS 496 
technology 497 
Rank correlation 
between     and 
Herbicide tolerant Stacked gene Conventional  
CE           TE 
DDE        TE 
DDE        CE 
0.20*** 
0.68** 
0.11 
0.42** 
0.61** 
0.23* 
-0.007 
0.49** 
0.09 
CE = overall cost efficiency; TE = overall technical efficiency; DDE = overall directional 498 
distance function efficiency.  499 
*, **, ***:  significant at 5%, 1%, and 10%, respectively.  500 
  501 
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